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Statistical Analysis of the Influence
of Some Trace Elements on Chunky
Graphite Formation in Heavy Section
Nodular Iron Castings
JON SERTUCHA, JACQUES LACAZE,
SUSANA ARMENDARIZ, and PEIO LARRAN˜AGA
To study the formation of chunky graphite (CHG) in
heavy section castings, 68 nodular cast irons of both
pearlitic and ferritic grades were cast in cubic blocks
30 cm in edge. The volume fraction of the blocks af-
fected by this degenerate graphite was quantified and
related to the chemical analysis of the materials by
means of a multivariate analysis. For the composition
domain investigated, the effects of Ce, Cu, La, P, Sb,
and Sn were statistically established with a high R2
correlation coefficient.
Although the influence of graphite degeneration on
mechanical properties of ductile irons has been the subject
of several technical works in recent decades, the present
knowledge about the mechanisms that cause it is still
limited. One of the most important examples among these
degenerations is chunky graphite (CHG), which was
documented to have a detrimental effect on mechanical
properties of nodular irons such as those used in the
windmills industry.[1–3] A noteworthy number of studies
have focusedon the influenceofprocessingvariables andof
manufacturing conditions on CHG formation,[2,4,5] while
other works were aimed at determining the microscopic
causes for the appearance of this defect.[4, 6–9] Regarding
the processing variables, it was found that both inocula-
tion[1,5,10] and low cooling rates[4,11,12] promote CHG
formation in nodular irons. The effect of inoculation,
however, is controversial, as previously discussed.[5] Fur-
thermore, it has long been demonstrated that the chemical
composition of melts has an important influence on this
graphite degeneracy, which depends both on the main
alloying elements such as C and Si through carbon
equivalent[9,13] and on trace elements such as As, Bi, Pb,
Sb, Te, or Ti.[4,14] The interplay between these metallic
trace elements and rare earth additions through spheroi-
dization and inoculation treatments was demon-
strated.[4,15] The effect of Ce,[16] Sb,[16,17] Bi, and Sb[18]
was more particularly studied, and these elements were
found to significantly affect this defect.
While it is recognized that very low levels of some
elementsmay affect graphite degeneration inheavy-section
nodular iron castings, very little quantitative information
has been made available so far. The present work was
designed to answer the need of quantitative prediction on
the risk of CHG appearance in heavy-section castings.
Chemical and metallographic data used in the present
workwere obtained from68 cubic blocks 30 cm in side cast
according to the experimental methodology previously
described.[5] The addition of specific alloying elements was
performed in the ladle used to achieve the nodularizing
treatment so as to have either pearlitic or ferritic grades.
The chemical composition of the FeSiMg master alloy
used for nodularizing was (wt pct) 42.2 to 45.0Si, 8.5 to
9.1Mg, 2.5 to 2.8Ca, 0.9 to 1.1Al, and 0.8 to 1.1 rare
earths (RE). Postinoculation was carried out using a
commercial inoculant (70 to 75Si, 3.2 to4.5Al, 0.3 to1.5Ca,
and 0.4 to 0.6RE, wt pct). Chemical analysis of the cast
materials was carried out on chips from the cast blocks by
means of standard techniques. Table I gives the mini-
mum and maximum values for all elements found to be
significant in the present work. Among these casts, three
of them were done for investigating the effect of nickel;
they contained 0.03, 0.53, and 0.84 wt pct Ni. For these
latter casts, the composition of the FeSiMg was (wt pct)
43.6Si, 6.3Mg, 1.1Ca, 0.6Al, and 0.9RE and that of the
inoculant 74.4Si, 1.2Ca, 4.1Al, and 0.5RE. All alloys were
nearly eutectic, the pearlitic grades having carbon content
in the rangeof 3.69 to3.87 wtpct and the ferritic ones in the
range of 3.61 to 3.82 wt pct. The amount of CHG was
quantified by the relative volume affected by this degen-
eration, VV (pct), as estimated from an axial section of the
blocks.[5]
Using JMP software, multivariate analysis was per-
formed to assess the effect of individual elements on VV
and for looking for the interaction between them. For
this, the values of VV and of the content in Sb that were
null were set to 104, so that the whole record of data
could be processed. When performing the statistical
analysis, only those parameters that were found to be
statistically relevant for the available data set were
selected. The shape of the residues vs VV suggested
looking for a relation involving (VV)
0.5 instead of VV.
The final expression at which we arrived is given as
VVð Þ0:5 ¼3:1 1214:0  1 64:6 wSb 0:37 wCuð Þ wSb
 55:2  1 4:8 wSn 114:8 wSbð Þ wSn
þ 924:2  1 64:4 wCeð Þ wCe
þ 605:0  1 0:59 wCuð Þ wLaþ 133:3 wP ð1Þ
where wi is the mass fraction of element i as obtained
from chemical analysis.
This relation with 12 terms gives a fit to experimental
data with a quite high R2 coefficient of 0.94; this is
illustrated in Figure 1.
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When Sn and Sb are known to decrease the risk of CHG
formation, as indicated by the negative sign in front of the
related terms, the cross-term Sn-Sb is positive, indicating
that these elements are counteracting each other at high
enough level.As there is no stable compoundbetween these
elements at the temperature for processing and solidifying
cast irons, this observation may be indicative of more
complex interactions through other elements present in the
melts or at the graphite liquid interface. As for Cu, this
element was reported to decrease the risk of chunky
appearance,[19] but the present analysis shows this benefi-
cial effect to be related to the presence of La while a
negative cross-effect, i.e., an increase of VV, is associated
with its association with Sb. Again, there is no compound
stable at high enough temperature in the binaryCu-La and
Cu-Sb systems that could help in understanding this result.
These cross-effects are thus certainly worthy of further
investigations.
The presence of a square term for Sb, Sn, and Ce in
Eq. [1] suggests these elements could show an optimum
value within the composition range investigated. The
effect of each of these three elements on the predicted
(VV)
0.5 values is illustrated in Figure 2. The curves in
this figure were obtained using Eq. [1] by varying the
content of either Sb, Sn, or Ce with all other elements set
at the minimum indicated in Table I (Figure 2(a)), at the
mid of the composition range (Figure 2(b)) or at the
maximum (Figure 2(c)). Note that a tenth of the Sn
content was used in plotting for easier reading of the
figures.
Figure 2(a) shows that a cast iron with a composition
at the minimum of the range in each element, and thus
quite pure, would not present CHG, while an alloy with
all elements at the mid (respectively, maximum) level in
Table I would be slightly (respectively, significantly)
affected.
It is seen in the graphs in Figure 2 that cerium
addition has the same effect whatever the content in
other elements. Cerium is detrimental for addition up to
0.008 wt pct and shows a healing effect above that
percentage. The effect of cerium in increasing the
amount of CHG when added at low and intermediate
levels agrees with reports on heavy section castings. The
present work suggests that, at higher level, cerium
becomes beneficial, and this could possibly be related to
the fact that it increases eutectic undercooling,[16] thus
favoring spheroidal growth.
Sb and Sn present the same behavior, decreasing
CHG when added at low level in pure or slightly impure
cast irons, but it is seen that they both would become
detrimental in strongly contaminated alloys. The opti-
mum addition of Sn is about 0.1 wt pct for a pure cast
iron (Figure 2(a)) and about 0.05 for a slightly impure
one (Figure 2(b)). These optimum values are similar to
the maximum allowable Sn content at 0.13 wt pct
reported in Lux’s review.[20] As for Sb, it should be
noted that degenerate graphite due to Sb in usual
castings has most often been reported as spiky graphite
and not CHG. On the other hand, its beneficial effect in
heavy-section castings was associated to Sb binding Ce
in Ce-Sb compounds.[4]
A close examination of Figure 1 shows that the
investigated pearlitic grades present, on the whole, lower
amounts of CHG than do ferritic grades. However,
these pearlitic grades were obtained by adding one of
either Cu, Mn, or Sn, but never both of them. Thus,
Figure 2(c), where the predicted VV values are higher
than in Figures 2(a) and (b), is somehow an extrapola-
tion of the present correlation in a composition range
that has not been investigated.
Finally, the most striking observation made when
looking at Eq. [1] concerns the role of P. As a matter of
fact, it hasneverbeen reported explicitlyas leading toCHG
formation, as shown here, but is known to have a
detrimental effect on graphite shape,[20,21] much like Sb,
as mentioned previously. However, a statistical analysis
made by Javaid and Loper[4] showed the same trend as
here, though the authors did not comment on this finding.
Further, Reynaud and Parent-Simonin[15] reported on a P
spike around CHG cells, again without giving any hint
about its meaning and consequences. This effect of P does
not seem to relate directly to the fact that it may easily
Table I. Composition Range of the Most Significant Elements in the Studied Alloys (Weight Percent)
Si Mn Cu P S Mg Sb Sn Ce La
1.92 to
2.41
0.09 to
1.04
0.01 to
1.11
0.010 to
0.039
0.002 to
0.015
0.023 to
0.055
0.0 to
0.010
0.0 to
0.14
0.0005 to
0.0162
0.0005 to
0.0074
Fig. 1—Comparison of experimental and calculated values of VV
using Eq. [1].
combine with Ce to form CeP compound, which was
observed.[4,22] One possible explanation, which should be
investigated further, is that the addition of P leads to the
dissolution of some Ce-bearing compounds that are less
stable than CeP and contain detrimental elements that can
get dissolved again in the melt.
The present analysis offers a means to evaluate the
risk for CHG formation in heavy-section castings on the
basis of chemical contents in a limited number of
elements. It is clear, however, that a more extensive
study would be necessary to account for other low level
elements that are known to modify graphite growth
behavior.
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